Anthropogenic emissions have dominated marine Pb sources during the past century. Here we present Pb concentrations and isotope compositions for ocean depth profiles collected in the eastern Tropical Atlantic Ocean (GEOTRACES section GA06), to trace the transfer of anthropogenic Pb into the ocean interior. Variations in Pb concentration and isotope composition were associated with changes in hydrography. Water masses ventilated in the southern hemisphere generally featured lower 206 Pb/ 207 Pb and 208 Pb/ 207 Pb ratios than those ventilated in the northern hemisphere, in accordance with Pb isotope data of historic anthropogenic Pb emissions. The distributions of Pb concentrations and isotope compositions in northern sourced waters were consistent with differences in their ventilation timescales. For example, a Pb concentration maximum at intermediate depth (600-900 m, 35 pmol kg À1
INTRODUCTION
During the past century, emissions from anthropogenic activities completely overwhelmed oceanic Pb inventories (Boyle et al., 2014) . Of particular importance was the use of leaded petrol along with high temperature industrial processes such as metal smelting, coal combustion and waste incineration (Nriagu and Pacyna, 1988; Pacyna and Pacyna, 2001) . Radiogenic Pb isotope compositions can provide insight into different sources of Pb to environmental systems. Notably, the isotope compositions of anthropogenic Pb emissions exhibit regional variations, reflecting the distinct Pb ores used to supply industrial and automotive activities in different economic areas (e.g. Bollhö fer and Rosman, 2001 ). This has resulted in spatial variability in the Pb isotope composition of ocean surface waters, which can be used to assess the relative contribution of anthropogenic and natural Pb inputs from different regional sources (Véron et al., 1994 (Véron et al., , 1998 Hamelin et al., 1997; Weiss et al., 2003; Noble et al., 2015; Paul et al., 2015a; Bridgestock et al., 2016) .
Both the magnitude and isotope composition of anthropogenic Pb fluxes to the oceans have changed over time in response to known changes in anthropogenic activities (Boyle et al., 1986; Shen and Boyle, 1987; Véron et al., 1993; Wu and Boyle, 1997; Desenfant et al., 2006; Kelly et al., 2009) . For example, since the 1920s Pb concentrations in North Atlantic surfaces waters have closely tracked the utilization of leaded petrol in the surrounding regions with a peak in the 1970s (Kelly et al., 2009) . Accompanying temporal changes in the Pb isotope composition of Atlantic surface waters have been attributed to changes in the relative magnitude of Pb emissions from different areas (i.e. the US and Europe) as well as changes in the market share of particular Pb ores used within regions (Wu and Boyle, 1997; Véron et al., 1998; Hurst, 2002; Kelly et al., 2009) .
These transient Pb inputs were subsequently transferred into the ocean interior predominantly by ocean circulation, as highlighted by time series measurements of Pb concentrations and isotope compositions throughout the water column at the Bermuda Time Series station conducted since 1979 (Chow and Patterson, 1966; Schaule and Patterson, 1983; Boyle et al., 1986; Shen and Boyle, 1988; Sherrell and Boyle, 1992; Véron et al., 1993 Véron et al., , 1998 Lee et al., 2011; Boyle et al., 2012; Noble et al., 2015) . The distribution of Pb concentrations and isotope compositions in the ocean interior can therefore provide insights into ventilation pathways and timescales, complementary to other anthropogenic transient tracers, such as CFCs, SF 6 and 3 H (e.g. Doney et al., 1997; Fine, 2011) . However, Pb concentrations are not conserved during transport by ocean circulation due to removal by particle scavenging (Boyle et al., 1986; Shen and Boyle, 1988) . Moreover, equilibrium exchange between adsorbed particulate and dissolved Pb may modify the isotope composition of seawater (Wu et al., 2010; Chen et al., 2016; Zurbrick et al., 2017) . Finally, the mixing of waters ventilated at different times, featuring different Pb concentrations and isotope compositions, will complicate interpretations of ventilations pathways and timescales in a similar manner to the 'non-linear' mixing effects imposed on other transient tracers (e.g. Doney et al., 1997; Lee et al., 2017) .
Unraveling the roles of transient Pb inputs, advection, mixing and particulate transport processes in setting the observed distributions of Pb in the ocean presents significant challenges. Efforts to improve the understanding of the processes controlling the cycling of Pb in the ocean are currently hindered by the sparse coverage of Pb concentration and isotope composition data, both spatially and temporally. In addition, the full potential of isotope variations to trace different sources of Pb to the ocean has yet to be realized. Studies tracing environmental Pb sources have typically focused on the relative abundances of 206 Pb, 207 Pb and 208 Pb, whilst neglecting the use of 204 Pb (e.g. Weiss et al., 2003) . This is due to analytical difficulties in the precise determination of Pb isotope ratios featuring 204 Pb, which has a low relative abundance of about 1% (Komárek et al., 2008) . Hence, source apportionment is typically conducted using only two of three potential independently varying isotope ratios. Recent methodological developments now facilitate the precise measurement of Pb isotope ratios featuring 204 Pb in seawater, and thus the ability to fully utilize the potential of Pb isotope variations for source assessment (Paul et al., 2015b) .
Here we present Pb concentrations and isotope compositions for seawater depth profiles and Pb concentrations of suspended particulate material collected in the eastern Tropical Atlantic Ocean (Fig. 1) . Notably, the Pb isotope data include high precision results for ratios featuring 204 Pb. These results are used to assess the controls on the distribution of Pb across a hydro-dynamically complex region of the ocean, transecting water masses ventilated in the northern and southern hemispheres and significant gradients in surface Pb inputs from natural and anthropogenic sources (Bridgestock et al., 2016) .
SAMPLES AND ANALYTICAL TECHNIQUES
Samples were collected during the GEOTRACES GA06 section cruise on the RRS Discovery (D361; 7th February - Fig. 1 . Locations of samples collected during the GEOTRACES GA06 cruise in 2011. Colored squares show the location of depth profiles collected for Pb concentration and isotope composition analyses, crosses the locations of surface water samples collected close to each depth profile (Bridgestock et al., 2016) , and open circles the location of depth profiles of particulate samples. Figure produced using Ocean Data View (Schlitzer, 2015) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 19th March 2011). For Pb concentration and isotope composition analyses, seawater samples were collected throughout the water column at three stations describing an open ocean meridional transect, as well as one station on the continental shelf off the coast of Senegal (Fig. 1) . Sample collection was conducted using a titanium rosette frame attached to a plasma rope, equipped with trace metal clean 10 L OTE (Ocean Technology Equipment) sampling bottles with external springs. In addition, data from (near) surface samples collected using a trace metal clean tow fish close to the locations of the depth profiles, are used to supplement this sample set (Bridgestock et al., 2016) . Following seawater collection, samples were transferred into pre-cleaned 2 L low density polyethylene (LPDE, Nalgene) bottles inside a clean container and subsequently acidified to approximately pH 2 using quartz distilled 6 M HCl. No filtration was carried out.
Samples for particulate (>0.45 lm) elemental concentration analysis were collected throughout the water column at 14 stations that describe a zonal section extending from the continental shelf off the coast of Senegal, in addition to an open ocean meridional transect (Fig. 1) . Within a clean container on board the ship, seawater was filtered from OTE sampling bottles under pressure (1.7 bar) of filtered nitrogen gas, onto acid-cleaned 25 mm Supor Ò polyethersulfone membrane disc filters (Pall, 0.45 lm). Samples were stored frozen at À20°C, until shore-based analysis.
The Pb concentrations and isotope compositions of the unfiltered seawater samples were determined at Imperial College London following analytical protocols described by Paul et al. (2015b) . Briefly, Pb concentrations were determined by isotope dilution, whereby a known quantity of Pb double spike solution ( 207 Pb-204 Pb) was equilibrated with about 50 ml of seawater. Following this, Pb was preconcentrated by Mg(OH) 2 co-precipitation and purified using a single stage anion exchange chromatography procedure, utilizing columns prepared from shrink-fit Teflon tubing, before analysis by thermal ionization mass spectrometry (TIMS; Thermo Scientific, TRITON instrument). Determined Pb concentrations were corrected for a procedural blank of 11.7 ± 4.3 pg (1sd, n = 36; Paul et al., 2015b) representing between 2.6 and 13% of the Pb processed in the samples. The Pb concentrations were measured in duplicate or triplicate for the majority of samples, especially those representing local maximums in the Pb concentration depth profiles, to check for artifacts caused by spurious high laboratory blanks. A single replicate measurement of one sample (station 12; 2999 m water depth) was discarded due to yielding a Pb concentrations 18.3 pmol kg À1 higher that two other replicate analyses of this sample.
For isotopic analysis, Pb was separated from approximately 2 L of seawater by Mg(OH) 2 co-precipitation followed by a two stage anion exchange chromatography procedure, utilizing columns prepared from shrink-fit Teflon tubing. Measurements were conducted using TIMS, with instrumental mass bias corrected using a Pb double spike ( 207 Pb-204 Pb). Uncertainty in Pb concentrations (1 sd) and isotope compositions (2 sd) were assessed through replicate analyses of in-house seawater standards (Paul et al., 2015b) . The accuracy of Pb concentration and isotope composition measurements by this technique were validated by analyses of GEOTRACES intercalibration samples GDI and GSI (Boyle et al., 2012) as reported by Paul et al. (2015b) .
The particulate Pb concentrations were determined at the University of Plymouth. Particulate samples were subjected to the acid digestion method of Ohnemus et al. (2014) before analysis using ICP-MS (Thermo Fisher X series 2) equipped with a collision/reaction cell utilizing 7% H in He. The measured Pb concentrations were blank corrected with values obtained from replicate analyses of blank filters, which were acid washed and stored in the same manor as those used to collect the particulate samples. The efficiency of the digestion procedure was assessed using certified reference materials BCR-414 (Trace elements in plankton; Institute for Reference Materials and Measurements) and SO-2 (podzolic B horizon soil; Canadian CRM Project), with the determined Pb data in good agreement with the certified values (Supplementary Information; Table S1 ). Note that particulate Pb concentration data for the samples from the shallowest depths at stations 2, 12, 16, 18 and 20 have been previously published (Bridgestock et al., 2016) .
HYDROGRAPHY
The water masses encountered during the meridional open ocean transect originate from the northern and southern hemisphere (Fig. 2) . The upper 50-100 m (h > 20°C) of the water column is composed of Tropical Surface Water (TSW) (Stramma and Schott, 1999) . Embedded within TSW is a thin, high salinity layer (36-37) known as Subtropical Underwater (STUW) (Stramma and Schott, 1999) . This water mass is formed by subduction in the Northern and Southern Subtropical gyres and was sampled for Pb concentration and isotope composition analysis at stations 20 and 12, at 86 and 64 m respectively (O'Connor et al., 2005) . Below the TSW, the central waters (h < 20°C > r h = 27.1) are dominated by South Atlantic Central Water (SACW) and North Atlantic Central Water (NACW), which are separated by the Cape Verde Frontal Zone at $15°N (Emery and Meincke, 1986; Zenk et al., 1991) .
Intermediate depth waters (500-1200 m, r h = 27.1-27.6) are composed of Antarctic Intermediate Water (AAIW) in the southern end of the transect and northern sourced waters from the Labrador Sea (LSW), Irminger Sea (ISW) and/or Mediterranean outflow (MOW) at the most northerly station 20 (Emery and Meincke, 1986; Jenkins et al., 2015) . Samples collected along the r h = 27.3-27.4 neutral density horizons at about 750 m water depth, represent the core of AAIW in various stages of mixing with more saline northern sourced waters (Fig. 2) .
Below about 1200 m (r h = 27.6) North Atlantic Deep Water (NADW) dominates the water column (Tsuchiya et al., 1992) . The Mid Atlantic Ridge separates the bottom waters (below $3500 m) in the western and eastern basins (Schlitzer, 1987) . At 1°S, the section crosses the Mid Atlantic Ridge into the western basin (Fig. 2) , where a decrease in salinity and h below about 4000 m indicates the presence of Antarctic Bottom Water (AABW), which was sampled for Pb concentration and isotope composition analysis at station 12, 4500 m water depth.
RESULTS

The
206 Pb/ 204 Pb and 206 Pb/ 207 Pb ratios displayed a strong correlation (r 2 = 0.98), with no independent variability from this relationship exceeding analytical uncertainty (Fig. 3a) . In contrast, although correlated (r 2 = 0.60), the (Emery and Meincke, 1986; Jenkins et al., 2015) . Light grey lines denote potential density horizons (r h ). The (Schlitzer, 2015) , and the hydrographic data are available as part of the GEOTRACES data product (Mawji et al., 2015) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 206 Pb/ 207 Pb and 208 Pb/ 207 Pb ratios exhibited independent variability that exceeded analytical uncertainty and which can hence be used for source assessment (Fig. 3b ). In the following, we therefore limit our description of the observed Pb isotope variations to the 206 Pb/ 207 Pb and 208 Pb/ 207 Pb ratios. The accuracy of the Pb concentration and isotope composition data is validated by comparison of results for station 20 to those obtained for depth profiles collected slightly further north during the GEOTRACES GA03 section cruise (Noble et al., 2015) . These two datasets, obtained on waters collected on different cruises and analyzed using different analytical techniques, are in good agreement, with differences likely reflecting genuine spatial variability of these properties (Supplementary Information).
Lead concentrations for the unfiltered seawater (i.e. total dissolvable Pb) ranged from 7.5 to 43.2 pmol kg Pb data for seawater from the South Atlantic (Paul et al., 2015a,b) , western Tropical Atlantic and aerosols from the eastern Tropical Atlantic (Bridgestock et al., 2016) . Panels (c) and (d) display the Pb isotope compositions of major Pb ore deposits (Sangster et al., 2000) . The black lines denote the evolution of the Pb isotope composition of the bulk continental crust over earth's history (Stacey & Kramers, 1975) .
Seawater samples collected within TSW (>50-100 m, h > 20°C), displayed relatively uniform Pb concentrations of 17.1-18.6 pmol kg
À1 for the open ocean stations except at station 16, which featured a near surface maximum (24.9 pmol kg À1 , depth 26 m; Fig. 4a , Table 1 ). This exceeds the Pb content of other samples from the mixed layer directly below (18.6 pmol kg À1 , depth 56 m) and of a sample collected at $5 m water depth using a towed fish sampler close to the position of this station (15.8 pmol kg À1 ; Bridgestock et al., 2016) . The anomalously high Pb concentration of this sample is also associated with a pronounced positive excursion in 206 Pb/ 207 Pb and 208 Pb/ 207 Pb ratios compared to the samples at adjacent depth (Fig. 4) . Such a high degree of variability in the mixed layer could potentially reflect contamination during collection and the results obtained for this sample should hence be treated with caution. However, this region does feature a complex, alternating zonal current system that could result in significant hydrographic changes over small length scales (tens of meters) in this depth range (e.g., Brandt et al., 2008) , although no variations in temperature or salinity are observed that might support this. Apart from this, the observed spatial variability of Pb isotope compositions in TSW is consistent with gradients in atmospheric inputs, as discussed by Bridgestock et al. (2016) .
At station 20, the occurrence of STUW was accompanied by an increase in Pb concentration to 21.5 pmol kg À1 , whilst at station 12 the Pb concentration of this water mass was indistinguishable to that of the overlying TSW (Fig. 4, Table 1 ). Furthermore, STUW sampled at station 20 featured a distinct Pb isotope composition relative to the underlying NACW and overlying TSW. This is consistent with the findings of Noble et al. (2015) , who noted a distinct Pb isotope composition of this water mass, mapped along a high resolution quasi-zonal transect across the North Atlantic at $20 to 40°N (GEOTRACES section GA03).
Below the TSW and STUW layers, variations in Pb concentrations and isotope compositions were associated with hydrographic changes, with water masses ventilated in the southern hemisphere generally featuring lower 206 a Number of Pb concentration measurements conducted. Quoted Pb concentrations are the mean of the conducted analyses and were corrected for a Pb blank of 11.7 ± 4.3 pg (1sd, n = 36) (Paul et al., 2015b) .
b Concentration of particulate Pb at a depth that is identical or similar to the depth at which the sample for the total Pb concentration and isotopic analyses was collected; the exact depth is given in brackets. The relative precision of the Pb isotope data is 1‰, 1‰ and 0.25‰ for the Pb ratios respectively, based on replicate analyses of in-house seawater standards (Paul et al., 2015b Pb, respectively, based on replicate analyses of in-house seawater standards (Paul et al., 2015b) , due to larger within-run errors as only small quantities of Pb (<3 ng) were available for analysis. featuring low Pb isotope ratios, with 206 Pb/ 207 Pb = 1.1621 and 208 Pb/ 207 Pb = 2.4360. These ratios are broadly consistent with those previously determined for AAIW in the Tropical and South Atlantic (Alleman et al., 2001; Paul et al., 2015b (Fig. 4) (Fig. 4) . A clear exception to this is the sample from 3000 m at station 12 that has an anomalously high Pb concentration of 43.2 pmol kg À1 , which is confirmed by repeat analyses (Table 1) . The over and underlying samples at 2500 m and 3700 m, station 12, also showed slightly elevated Pb contents of 18.4 pmol kg À1 and 21.4 pmol kg À1 relative to those obtained from comparable depths at stations 16 and 20. Notably, these anomalous Pb concentrations were not associated with any deviation in Pb isotope composition. (Fig. 1) (Fig. 4) . These values are consistent with previously reported results for dilute AABW in the region (Alleman et al., 2001) , and AABW sampled in the South Atlantic (Paul et al., 2015a) . This sample also featured high particulate Pb contributions, amounting to about 24% of the total dissolvable Pb content of the unfiltered seawater (Table 1; Fig. 5 ). Such a high particulate Pb contribution reflects the low total dissolvable Pb content of these waters, rather than elevated particulate Pb concentrations relative to other samples from comparable depths ( Fluxes of Pb to the oceans during the past century have been dominated by emissions from leaded petrol usage, with the Pb ultimately derived from a variety of ore deposits (Boyle et al., 2014) . Since Pb ore minerals (i.e. galena) contain negligible quantities of the radioactive parent isotopes 238 U, 235 U and 232 Th compared to Pb, the Pb isotope composition of these deposits ceases to evolve following their formation (Sangster et al., 2000) . The primary control on the Pb isotope composition of such ore minerals is therefore their age, with a secondary control imposed by the Pb isotope evolution of the geological reservoir from which the Pb is derived (Sangster et al., 2000) . The 12 most important ore deposits in terms of Pb production during the 20th century all lie on a linear trend in 206 Pb/ 204 Pb versus 206 Pb/ 207 Pb space (Fig. 3) . Notably, these deposits lie on a linear section of the radiogenic growth curve for the isotopes 206 Pb and 207 Pb, representing the temporal evolution of the Pb isotope composition of the bulk continental crust (Stacey and Kramers, 1975; Sangster et al., 2000) . Exception to this are the US based deposits from the southeast Missouri and the Tri-State area, in addition to Laisvall in Sweden that exhibit anomalously radiogenic compositions, although they still plot along on the linear trend defined by the other deposits. Consequently, mixing of Pb derived from the large ore deposits shown in Fig. 3 (Fig. 3a) . Such a correlation is also observed for seawater from the South Atlantic (Paul et al., 2015a,b) , western Tropical Atlantic and aerosols collected during the GEOTRACES GA06 section (Bridgestock et al., 2016) . The Pb sources contributing to these samples are likely well mixed during anthropogenic processing and emission, followed by transport in the atmosphere and within the ocean. Such mixtures are likely to be dominated by Pb derived from the largest ore deposits in terms of Pb production, resulting in the observed Pb isotope systematics. This condition potentially also applies to environmental Pb reservoirs remote from original Pb sources, notably open ocean seawaters, which have integrated the Pb isotope composition of a large number of anthropogenic Pb sources.
These observations do not belie the use of ratios featuring 204 Pb altogether to provide unique information for discrimination of marine Pb sources. Certain Pb ore deposits exhibit Pb isotope compositions that do not fall on the radiogenic growth curve of the continental crust for the isotope ratios 206 Pb/ 204 Pb and 206 Pb/ 207 Pb (Sangster et al., 2000) , however these variations are subtle, limited to within 10‰. In addition, natural Pb derived for the weathering of rocks may also originate from geological reservoirs that have experienced a time-integrated Pb isotope evolution that is distinct from the bulk continental crust. In such cases, the Pb will have an isotope composition that deviates from the observed correlation between 206 Pb/ 204 Pb and 206 Pb/ 207 Pb ratios (Fig. 3c) , enabling unique insights into the Pb sources. However, because such reservoirs are expected to make only relatively minor contributions to Pb in the environment and ocean overall, they are likely to be only important close to the original sources, prior to significant mixing and dilution by Pb derived from the aforementioned large 'conformable' ore deposits.
The isotope compositions of the US based deposits from southeast Missouri and the Tri-State area, in addition to Laisvall, exhibit lower abundances of radiogenic 208 Pb relative to the average evolution of the continental crust (Fig. 3d) . The Pb isotope signatures of the former two ore deposits were thereby clearly seen in the US and consequently northern hemispheric Pb emissions during the past century (Hurst, 2002 
Sources of Pb to continental shelf waters
The Pb isotope compositions of samples from the depth profile collected on the continental shelf off the Senegalese coast at station 5 trend towards that of pre-anthropogenic Pb in a plot of 206 Pb/ 207 Pb versus 208 Pb/ 207 Pb, whereby the Pb is predominately in the particulate form (Figs. 4e  and 6 ). This likely reflects the importance of re-suspended shelf sediments, which feature a mixture of Pb derived from anthropogenic sources and detrital aluminosilicate minerals including North African mineral dust (Chow and Patterson, 1962; Abouchami and Zabel, 2003; Abouchami et al., 2013; Bridgestock et al., 2016) . Furthermore, a comparison of particulate and total Pb concentrations, suggest very low dissolved Pb contents of <5 pmol kg À1 throughout the water column at this location (Table 1; Fig. 4e ), potentially due to efficient scavenging of Pb by the high suspended particulate load. A recent study demonstrated the importance of equilibrium isotope exchange in coastal waters for modifying the isotope composition of dissolved Pb (Chen et al., 2016) . The high particulate concentrations observed in waters of the continental shelf and slope, create conditions conducive to such processes (Fig. 5) . Further studies into the distribution of Pb isotope compositions in dissolved and particulate phases are required to fully constrain the impact of such reactions on shelf waters. Fig. 6 . Comparison of Pb isotope compositions determined for major water masses and the potential historic marine Pb sources to water mass formation sites. Panel (a) displays the temporal variation of Pb isotope ratios of anthropogenic inputs to Antarctic snow and ice cores during the last century (Planchon et al., 2003; Vallelonga et al., 2002; Van de Velde et al., 2005) . Panel (b) displays the temporal variation of Pb isotope ratios of anthropogenic inputs to the western North Atlantic during the last century reconstructed using corals (Kelly et al., 2009) . Also shown are the compositions of pre-anthropogenic Pb from Antarctic ice cores (panel (a); Vallelonga et al., 2002; Van de Velde et al., 2005) and North Atlantic Holocene sediments (panel (b); Chow and Patterson, 1962; Abouchami and Zabel, 2003) . This Figure was prepared using Ocean Data View (Schlitzer, 2015) .
Unraveling the sources and cycling of Pb in the eastern Tropical Atlantic
In the following, the observed oceanic distributions of Pb concentrations and isotope compositions are discussed in terms of the transfer of historic anthropogenic Pb emissions into the ocean interior. The distinct Pb isotope compositions and concentrations of the different water masses suggest that ocean circulation is an important mechanism for transfer of anthropogenic Pb into the interior of the Atlantic, in agreement with previous interpretations Alleman et al., 1999 Alleman et al., , 2001 Noble et al., 2015) . However, vertical transport of Pb via sinking particles through aggregation/disaggregation and chemical equilibrium processes may also play a role and cannot be completely ruled out (Sherrell and Boyle, 1992; Wu et al., 2010; Chen et al., 2016; Zurbrick et al., 2017) .
Due to the short residence time of Pb in the atmosphere (several days; Raes et al., 2000) , and the heterogeneous distribution of emission sources, the history of anthropogenic Pb fluxes to ocean surface waters has been significantly different in the northern and southern hemispheres (Kelly et al., 2009; McConnell et al., 2014) . We therefore discuss the observed Pb concentrations and isotope compositions of water masses ventilated in the northern and southern hemispheres separately. Through comparison to historic records of anthropogenic Pb emissions, and independent constraints on ventilation timescales, we attempt to unravel the controls on the observed distribution of Pb in the open ocean transect.
Southern hemispheric water masses
South Atlantic Central Water and AAIW are formed by subduction of surface waters within the Antarctic Circumpolar Current, north of the Polar Front, with the more northerly less dense variety contributing to SACW (Stramma and England, 1999) . Although no direct historic records of Pb inputs to surface waters, such as reconstructions from coral archives and/or time series measurements of surface waters (e.g. Kelly et al., 2009 ) exist for this region, ice cores and firn samples provide information on the past delivery of anthropogenic Pb to Antarctica (Rosman et al., 1994; Barbante et al., 1997; Planchon et al., 2003; Vallelonga et al., 2002; Van de Velde et al., 2005; McConnell et al., 2014) . Such records are generally consistent across the continent suggesting that they are representative of the Antarctic region, and potentially the southern hemisphere, as a whole and not subject to significant local bias (McConnell et al., 2014) .
Two major periods of southern hemispheric anthropogenic Pb depositions are identified in the Antarctic ice core/firn records. For the period between about 1890 and 1910, enrichments of anthropogenic Pb are attributed to metal smelting in Australia (Vallelonga et al., 2002; Van de Velde et al., 2005; McConnell et al., 2014) . Following a period of reduced anthropogenic Pb fluxes ($1930 to 1950) , they increased to a maximum in the 1970s before declining again, due to the increased usage and subsequent phasing out of leaded petrol in southern hemisphere countries (Planchon et al., 2003; Vallelonga et al., 2002; Van de Velde et al., 2005; McConnell et al., 2014) . The 206 Pb/ 207 Pb ratios associated with the anthropogenic fluxes are lower, at $1.10-1.20, compared to the pre-anthropogenic background of $1.20-1.25 (Planchon et al., 2003; Vallelonga et al., 2002; Van de Velde et al., 2005; McConnell et al., 2014) . The low 206 Pb/ 207 Pb ratios of SACW and AAIW at station 12 (1.1566-1.1621) are therefore consistent with anthropogenic southern hemisphere Pb emissions during the past century (Fig. 6a) .
A transit time distribution model of CFC and SF 6 data yields mean ventilation ages of $150 years and $300 years at neutral density horizons corresponding to SACW (r h = 27.1) and AAIW (r h = 27.3), respectively, for water along the equator of the eastern Tropical Atlantic, close to the position of station 12 (Schneider et al., 2012) . These mean ventilation ages pre-date the onset of the anthropogenic Pb perturbation in the southern hemisphere and seem in contrast with the above presented observation of anthropogenic Pb at similar neutral density horizons (r h = 27.0 & 27.2) in the Tropical Atlantic Ocean. This discrepancy could result from the vertical transport of anthropogenic Pb into the ocean interior via sinking particles similar to the scenario proposed to explain the presence of anthropogenic Pb in the deep Pacific Ocean (Wu et al., 2010; Zurbrick et al., 2017) . In this case, anthropogenic Pb is scavenged from surface waters and transported into the ocean interior by sinking particles, which then undergo equilibrium exchange with dissolved Pb, altering the isotope composition of these waters.
Alternatively we propose that mixing between small amounts of waters with high concentrations of anthropogenic Pb that were ventilated during the past century and older waters that feature much lower quantities of pre-anthropogenic Pb, could feasibly explain the anthropogenic Pb isotope signatures of these water masses. Such mixing of waters with distinct 'ages' and large differences in Pb concentrations would act to dilute the Pb content of the recently ventilated waters without significantly altering their isotope composition. Antarctic ice and firn records indicate that anthropogenic Pb was enriched by a factor of about 70 over the pre-anthropogenic background during the past century (McConnell et al., 2014) . A conceptual example of mixing between recently ventilated water enriched in anthropogenic Pb, and much 'older' water, ventilated prior to the onset of anthropogenic emissions is shown in Fig. 7 . Here it is assumed that the recently ventilated water has a Pb concentration 70 times higher than the 'older' pre-anthropogenic water, and that these two respective water masses have 206 Pb/ 207 Pb ratios of 1.16 and 1.21. Notably, the Pb isotope composition of the mixture convergences to those determined for SACW and AAIW in the Tropical Atlantic with only a 20% contribution from the recently ventilated endmember. The approximate factor of 2 lower Pb concentration of AAIW relative to SACW is therefore consistent with the older mean ventilation age of the former ($300 and 150 years for AAIW and SACW respectively), resulting in greater dilution of recently ventilated water with older, 'pre-anthropogenic' water. The exact importance of particulate exchange processes and mixing for setting the observed distribution of anthropogenic Pb in these waters remains unclear, but the above analysis highlights the need to consider such mixing scenarios when interpreting distributions of Pb in the ocean interior.
Antarctic bottom water is formed by the subduction of surface waters close to the Antarctic margin, notably in the Weddell and Ross Seas, with additional entrainment of Circumpolar Deep Water (Mantyla and Reid, 1983; Orsi et al., 1999 Orsi et al., , 2002 . This water mass is therefore likely to contain relatively small proportions of recently ventilated water affected by anthropogenic inputs, in accordance with our results for a single sample collected within AABW (station 12, 4500 m water depth). This sample features a low Pb concentration of 7.5 pmol kg À1 with an isotope composition that plots towards the pre-anthropogenic background in 206 Pb/ 207 Pb versus 208 Pb/ 207 Pb space and which is hence distinct from the lower ratios shown by SACW and AAIW (Figs. 4 and 6 ). It should, however, be noted that AABW and NADW have almost identical Pb isotope ratios at station 12, indicative of dilution of the original AABW signature by mixing with NADW (Fig. 4) . In addition, it is conceivable that the Pb signature of the AABW sample might be significantly influenced by the particulate phase, which contributes 24% to the Pb content of the analyzed sample. The Pb isotope composition determined for AABW sampled in the South Atlantic (Paul et al., 2015b) is, however, similar to that observed here for the Tropical Atlantic Ocean, suggesting that local contributions from particulate phases and/or mixing with NADW may not ply a significant role in setting the observed isotope composition of this water mass.
Northern hemispheric water masses
Emissions from North America and Europe have dominated the input of Pb into the North Atlantic during the past century (Wu and Boyle, 1997; Kelly et al., 2009) . In detail, coral based reconstructions of the Pb concentrations and isotope compositions of Sargasso Sea surface water for the past 2 centuries are available to aid interpretation of our seawater data (Shen and Boyle, 1987; Desenfant et al., 2006; Kelly et al., 2009) . These records are from Bermuda, situated far from the deep water formation sites at high latitudes in the North Atlantic and are likely biased towards North American inputs. However, since US Pb emissions far exceeded European emissions between the 1940s and the 1980s, these records likely provide a reasonable estimate for the composition of waters that were exported from the North Atlantic during this period (Wu and Boyle, 1997; Weiss et al., 2003) .
As argued above (Section 5.3.1), mixing of waters ventilated at different times will produce a Pb isotope composition that is biased towards the water with the highest Pb concentration. The highest Pb inputs to the North Atlantic were in the 1970s during peak use of leaded petrol in the surrounding regions, similar to the southern hemispheric records (Shen and Boyle, 1987; Desenfant et al., 2006; Kelly et al., 2009) . Hence, transit time estimates based on the Pb isotope compositions of northern sourced waters may be biased towards water mass components that were ventilated during or close to the 1970s. A comparison of our Pb isotope data with those from the coral-based reconstruction of Kelly et al. (2009) (Fig. 6) . A similar signature was detected by Noble et al. (2015) in NADW collected in the eastern Atlantic in 2011, and suggests a transit time of approximately 80-100 years for at least the most recently ventilated components of this water mass. Schlitzer et al. (1985) used radioactive 14 C and 39 Ar to estimate a transit time of $100-200 years for northern hemisphere derived waters from below 3000 m in the eastern Atlantic, in broad agreement with our interpretation.
The Pb concentration maximum at 600-900 m (r h = 27. 2-27.4) at station 20 has a Pb isotope composition that matches Sargasso Sea Pb inputs during the 1950s to 1960s, and is similar to the isotope composition of the peak Pb inputs from the 1970s (Fig. 6) . We interpret this Pb signature to originate from waters subducted in the Labrador and/or Irminger Seas with a transit time of about 50-60 years. Noble et al. (2015) found Pb concentration maxima at intermediate water depths in the center of the subtropical gyre that were associated with similar Pb isotope compositions and SF 6 ventilation ages of $40 years, consistent with this interpretation. They also found a Pb concentration maximum along the east of the basin (18-23°W) that was associated with MOW and featured a similar isotope composition (Noble et al., 2015) . Based on the location of station 20 (28°W), the Pb concentration maximum is most likely related to that observed by Noble et al. (2015) in the centre of the subtropical gyre. However, MOW may also contribute some Pb to this signature, highlighting the complexity of advective Pb sources to this region at intermediate depths.
The anomalously high concentrations of Pb observed at station 12, between 2500 m and 3700 m water depth, located above the Mid Atlantic Ridge could be due to hydrothermal inputs. However, previous studies have shown that Pb is rapidly removed from vent fluids upon mixing with seawater, by co-precipitation with and scavenging by sulphides (Le Hurray et al., 1988; Godfrey et al., 1994; Noble et al., 2015) , so that elevated seawater Pb concentrations due to hydrothermal activity are not expected. In this context, it cannot be completely ruled out that the observed maximum in Pb concentration is due to contamination during sample collection and handling. Furthermore, hydrothermally derived Pb is expected to have an isotope composition similar to that of mid ocean ridge basalts (Le Hurray et al., 1988; Godfrey et al., 1994) 207 Pb = 2.45). The lack of variation in Pb isotope compositions across this depth range at station 12 is therefore at odds with any hydrothermal inputs of Pb at this location, but could reflect mobilization of Pb from sediments by hydrothermal fluids, which are known to feature a range of Pb isotope compositions that encompass the values determined for the seawater at this location (Hamelin et al., 1990) .
Mixing of historic northern and southern hemispheric Pb emissions
The Tropical Atlantic features a complex circulation regime. At intermediate to shallow depths (<1000 m) a series of alternating zonal currents transport and mix waters ventilated in the northern and southern hemispheres (Stramma and Schott, 1999) . The location, depth, magnitude and even direction of these currents can vary over short timescales and can be difficult to predict (Schott et al., 2003; Stramma et al., 2005; Brandt et al., 2008) . Given the differences in Pb isotope composition between Atlantic water masses derived from the northern and southern hemisphere, Pb isotopes may prove a useful tracer of water mass mixing in this hydrographically complex region. To this end, samples collected at <1000 m depth at station 16 are interpreted in the following in terms of mixing of waters sampled at stations 20 and 12, representing ISW/LSW and AAIW respectively. In particular, this exercise focuses on samples collected at each of these stations along the neutral density horizon r h = 27.3-27.4, in 600 to 800 m water depth (Fig. 4) .
Antarctic Intermediate Water enters the Tropical Atlantic via the Intermediate Western Boundary Current off the northeast coast of Brazil (Stramma and Schott, 1999) . Likewise, northern sourced water masses enter the region via the Deep Western Boundary Current (Stramma and Schott, 1999) . The western Tropical Atlantic is therefore an important region for the mixing of northern and southern sourced water masses. These waters are then transported into the eastern basin via a series of zonal currents. In particular, a northern branch of the eastward flowing North Equatorial Countercurrent that extends down into AAIW, has been identified at 8-10°N coinciding with the position of station 16 (Stramma et al., 2005) . (Fig. 8 ). This discrepancy likely reflects the transient evolution of the Pb concentration and isotope composition of the endmember water masses, reflecting the non-steady state distribution of Pb in this region of the ocean. Constraints on the distribution of Pb concentrations and isotope compositions in the western Tropical Atlantic may allow further insights into the complex mixing dynamics of anthropogenic Pb in this region.
CONCLUSIONS
The use of high-precision Pb isotope data that includes the minor non-radiogenic isotope 204 Pb does not provide additional information on Pb sources to Tropical Atlantic seawater compared to isotopic data which features solely the radiogenic isotopes 206 Pb, 207 Pb and 208 Pb. This finding most likely reflects the particular isotope systematics of the most important Pb ore bodies that have been exploited for production and which have been the dominant sources of Pb to the environment in recent history. The commonly followed approach of neglecting Pb isotope ratios featuring 204 Pb for source apportionment is therefore justified.
The distributions of Pb concentrations and isotope compositions in the interior of the eastern Tropical Atlantic are related to hydrographic variations, and are generally consistent with those expected for the penetration of transient anthropogenic Pb inputs via ocean circulation. This is particularly apparent for water masses ventilated in the northern hemisphere, in which Pb concentrations and isotope composition variations are consistent with those expected based on differences in ventilation timescales, supporting the notion that the transfer of anthropogenic Pb into the ocean interior can provide useful insights into ventilation pathways and timescales.
Mixing of waters ventilated at different times that feature large differences in Pb concentrations in addition to particulate exchange processes, can however complicate straightforward interpretation of Pb concentration and isotope composition distributions in the ocean in terms of ventilation timescales. This is particularly evident for the southern hemisphere water masses SACW and AAIW, which feature anthropogenic Pb isotope compositions even though independent tracers are indicative of ventilation ages that pre-date the onset of significant anthropogenic Pb emissions in the southern hemisphere (Schneider et al., 2012) . With increasing data coverage, future modeling studies may help unravel the complex interplay between transient inputs, advection, mixing and chemical reactivity in producing the observed distribution of Pb in the ocean.
